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ABSTRACT 
In a continuation of previous work,correlation measure- 
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ments have been made in an annular Hall-current plasma 
accelerator having an axial electric field, a radial magnetic 
field and a slightly-ionized, low-current and low-pressure argon 
discharge. The fluctuations are measured using electrostatic 
probes. Measurements of the r.m. s. amplitudes, amplitude spectra, 
and the space-time correlations of the fluctuations have been 
made with a correlation analyzer having a response up to 500 khz .  
Results are presented and discussed for two typical discharges 
having different ratios of coherent low-frequency fluctuations 
l f  (due to azimuthal rotation) to non-coherent" fluctuations. 
Frequency filtering of the probe signals was used to study the 
coherent fluctuations separately from the "non-coherent" 
fluctuations. Comparison of the results for floating, ion-col- 
lecting and electron-collecting conditions of the probe permits 
some inferences to be drawn regarding the nature of the fluctuations. 
INTRODUCTION 
Plasmas frequently exhibit fluctuations, which may be classed 
as plasma instabilities or plasma turbulence. These fluctuations 
may have an important r o l e  in determining the behavior of the 
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bulk plasma. For example, it is possible that the anomalous 
diffusion arises as a consequence of the plasma fluctuations 
(e.g. ref. 1). 
Many specific modes of plasma instability have been pre- 
dicted theoretically and observed experimentally. Some 
theoretical work has been done on the more general problem of 
plasma turbulence (e.g. ref. 2). However, detailed experimental 
measurements of the characteristics of fluctuations within a 
plasma have been undertaken less frequently. 
was initiated in an attempt to adapt techniques long used in 
studies of fluid-dynamic turbulence to the plasma case. This 
The present work 
involves measurements of the mean-square, the frequency spectrum, 
and particularly the space-time correlations of the fluctuating 
quantities for a plasma of interest. Although plasma fluctuations 
range over a wide band of frequencies, the present research was 
directed toward the lower end of the spectrum to minimize the 
difficulties with the diagnostics. The particular type of plasma 
c]-,osei-, f u r  iav-estigat-Loi-l 'Is a sl&g?tlg $Gi2Zed lo.m.-preas.dre and 
low-current argon plasma subjected to crossed electric and 
magnetic fields, 
(ref. 3). This paper presents subsequent results of this research. 
Preliminary results were previously reported 
APPARATUS AND PROCEDURE 
The plasma used in the present investigation was generated 
by the low-density Hall-current plasma accelerator (ref. 3) shown 
in Figure 1. The accelerator length was 7.62 cm. Two configurations 
of this accelerator were used and were identical except as noted 
below: 
. , 
3 
A c y l i n d r i c a l  coord ina te  system ( r ,  8 ,  z )  i s  used i n  t h i s  
p re sen ta t ion  w i t h  the  z = 0 plane a t  t h e  end-plane of  t h e  magnet 
and t h e  anode a t  2 s - 7 . 6 2  cm. The magnetic f i e l d  i s  r a d i a l  and 
the  e l e c t r i c  f i e l d  i s  a x i a l .  The cathode i s  a r a d i a l  arrangement 
of tantalum wires operated usua l ly  i n  t h e  emission-limited 
regime. The d i r e c t  cu r ren t  power supp l i e s  f o r  t h e  cathode, anode, 
and magnet had extremely low r i p p l e  t o  minimize any e x t e r n a l l y -  
induced no i se  and/or o s c i l l a t i o n s .  
All of  t he  d a t a  given a r e  f o r  a plasma i n  which the  average 
eiectroi-1 teiiipeicature ~ 2 s  about 10 et. 2nd t h e  a v e ~ a g ~  ~ l e c . t . r o n  
number dens i ty  about 5 .0  x lo1' ~ m - ~ .  The da t a  were obtained f o r  
two condi t ions  of opera t ion  a s  fol lows:  
Current , 
0.40 
0.60  
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The f l u c t u a t i o n s  were measured w i t h  0.025 mm diameter 
tungsten Langmuir probes a t  various condi t ions  of  probe b i a s  
vol tage .  The probes were i n s e r t e d  between t h e  cathode wires .  
The f l u c t u a t i n g  s i g n a l s  were obtained across  1000 r e s i s t o r s .  
For c o r r e l a t i o n  measurements t he  output  s i g n a l s  o f  two probes 
were f e d  i n t o  d i f f e r e n t i a l  ampl i f i e r s .  Fo r  a l l  o f  t h e  
measurements r epor t ed  he re in  the  probes were r a d i a l l y  o n e - f i f t h  
of t h e  annular  plasma th ickness  from the i n n e r  wa l l .  The two 
probes used i n  t h e  c o r r e l a t i o n  measurements a r e  i d e n t i f i e d  by 
t h e  s u b s c r i p t s ,  1 o r  2, on the  pos i t i on  coordinates  o f  t he  
probes.  
The frequency spectrum up through 600 khz was measured 
and recorded using a heterodyne-type spectrum analyzer .  
t h e  c o r r e l a t i o n  work t h e  f l u c t u a t i o n s  from t h e  two probes were 
fed i n t o  a Honeywell 9410 Corre la tor .  This  instrument  was found 
t o  have a response f l a t  up t o  300 khz and a t  500 khz was only 
3 db down. The outputs  of t h e  c o r r e l a t o r ,  namely, t h e  au to  
c o r r e l a t i o n  o r  c ross  c o r r e l a t i o n  a s  a func t ion  of t he  time-delay, 
were fed  i n t o  an X-Y recorder .  
For 
RESULTS AND DISCUSSION 
The e a r l i e r  r e s u l t s  ( r e f .  3) showed a l a r g e  degree of co r re -  
l a t i o n  between p o i n t s  anywhere i n  the  plasma volume of t h e  
a c c e l e r a t o r .  I n  o the r  words the  s c a l e  of t h e  f l u c t u a t i o n s  was 
a t  l e a s t  of t he  order  of t h e  s i z e  of t he  device.  The d a t a  resembled 
t h a t  ob ta ined  i n  f l u c t u a t i n g  f i e l d s  which e x h i b i t  a l o s s  of 
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coherence a s  t h e  two probes a r e  more widely separa ted .  No 
d e f i n i t e  evidence of t h e  convective e f f e c t  of  t h e  f l u c t u a t i o n s  
was then observed. 
Figure 2 shows t h e  amplitude spec t r a  f o r  t h e  two condi t ions .  
. 
I The Langmuir probes a r e  a t  ion  s a t u r a t i o n  and t h e  a x i a l  and 
azimuthal p o s i t i o n s  a r e  z = 0 and 8 = 7 .  Both curves have 
resonances near  t h e  lower frequency end of t h e  spectrum. Except 
for t h e  resonances t h e  s p e c t r a  a re  q u i t e  s i m i l a r  t o  those 
observed i n  tu rbu len t  a i r f lows .  The resonances observed i n  the 
f i g u r e  a r e  i n d i c a t i o n s  of  coherent f l u c t u a t i o n s  which i s  the 
r e s u l t  of a h e l i c a l  d i s turbance  r o t a t i n g  about t h e  a x i s .  T h i s  
i s  a phenomenon not  unique t o  t h i s  p a r t i c u l a r  plasma. The 
r o t a t i o n  has been found t o  occur i n  &-discharges and many o the r  
plasmas of contemporary i n t e r e s t  ( r e f .  1). 
The two condi t ions  l abe led  I and I1 i n  Figure 2 possess  
two d i f f e r e n t  magnitudes o f  t h a t  po r t ion  o f  t h e  f l u c t u a t i o n s  
due t o  t h e  h e l i c a l  motion i n  r e l a t i o n  t o  t he  mean-square o f  t h e  
Foil - . - A 2  C f  ~ . -  r 1-u t-u 8 t i viis . C u r l U L b L u ~ l  I thz  fluctuatlGns duz tc t h e  
r o t a t i o n  a r e  q u i t e  evident  b u t  no t  dominant. For condi t ion  I1 
t h e s e  f l u c t u a t i o n s  dominate the spectrum. The resonance f o r  
cond i t ion  I1 i s  s o  s t rong  t h a t  a f i r s t  harmonic peak appears 
i n  the  spectrum. Condition I1 d i f f e r s  from condi t ion  I mainly 
by an i n c r e a s e  i n  magnetic f i e l d  s t r e n g t h  and an inc rease  i n  
c r o s s - s e c t i o n a l  a r ea  of t he  a c c e l e r a t o r .  
. 
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The cross-correlation coefficients, R, for Conditions I 
and I1 are given in Figure 3 as a function of T, the time 
displacement, in microseconds. For both curves the two 
Langmuir probes are positioned at z = 0 and 8 1  = T ,  8 2  = 0. 
The probes are at ion saturation for both conditions. When 
compared to the spectral curves of the previous figure, the 
main features of those cross-correlation curves in Figure 3 
can be easily understood. For Condition I t he  most highly 
correlated region is near T = 0 with R peaking sharply to 
a value greater than 0.50. Going away from T = 0 the curves 
have the appearance of damped sinusoids. However, the degree 
of correlation exhibited by curve I near T = 0 is greater 
than twice that for the sinusoidal portion. In other words, 
while the cross-correlation resultfor Condition I indicate 
that there is a resonance inthe fluctuation; it further 
shows that the resonance is definitely not dominant. When 
the cross-correlation results of Condition I1 are examined, 
it is r e a d i l y  ay=p=.rent t ha t  t h e s e  r l u c t u a t i o n s  a r e  d m i n a t e d  
by the resonant part of thespectrum. The narrow peak is still 
evident at T = 0, but, the magnitude of the correlation of the 
narrow peak is less than in the sinusoidal portion of the 
curve. 
lent-like portion of the fluctuations) exhibits no measurable 
convection. 
peak from T = 0). 
For both Conditions I and I1 the narrow peak(turbu- 
(Convection would result in a displacement of the 
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In  order  to i n d i c a t e  the iLt- i ical  cha rac t e r  of the  d i s -  
turbance r e s u l t s  a r e  presented of some measurements taken w i t h  
t h e  two probes s e t  a t  var ious a x i a l  displacements a t  an azimuthal 
displacement,  At3 = 7 .  Although not  presented  he re in ,  r e s u l t s  
of measurements f o r  var ious other  azimuthal displacements of  
t h e  probes a l s o  a r e  cons i s t en t  with the  h e l i c a l  p i c t u r e  of  t h e  
d is turbance .  I n  Figure 4 t he  c o r r e l a t i o n  c o e f f i c i e n t ,  R i s  
shown a s  a fupc t ion  of t he  time displacement,  T , f o r  Condi- 
t i o n  11. Both  probes a r e  a t  ion  s a t u r a t i o n  and have an a z i -  
muthal displacement of - 7 ~  rad ians .  The f o u r  curves i n  t h e  
f i g u r e  a r e  for a x i a l  displacement Az of  0, -1 .90 ,  -3.81, and 
-5 .72  ern. The " s inuso ida l ly"  varying po r t ions  of t h e  curves 
show the  expected s h i f t  i n  T of t h e  peaks from one curve t o  
t h e  nex t .  Convection v e l o c i t i e s  can be computed from t h i s  
d a t a .  These l o c a l  convection v e l o c i t i e s  i n c r e a s e  from 6x10 
cm/sec nea r  t h e  anode t o  3 0 ~ 1 0 ~  cm/sec near' t h e  cathode. 
average f o r  t h e  e n t i r e  s e t  of da ta  i s  9x105 cm/sec. 
r e s u l t s  a r e  ccnsidered tc be  c n r r e c t .  ~ 1 t . h  regard. to the order  
of magnitude and t h e  t r end  w i t h  p o s i t i o n  f rom t h e  anode. 
Fu r the r  refinement of technique and a n a l y s i s  should improve 
t h e  q u a n t i t a t i v e  accuracy. For a l l  of t he  curves on F igure  4, 
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The 
These 
narrow peaks occur a t  o r  very near z = 0, i . e .  values  of z 
l e s s  than  .06 psecs .  T h i s  implies  t h a t  the f l u c t u a t i o n s  s o  
r ep resen ted  have no convection ve loc i ty  l e s s  than lo8 cm/sec. 
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The coherent and non-coherent portions of the fluctuations 
can be studied separately by filtering the original signal. The 
results of one such procedure are given in figure 5 which compares 
the R versus T curves for no frequency filtering, 50 khz high- 
pass frequency band and 50 khz low-pass frequency band. The data 
are for Condition I1 with the probes at ion saturation with 
z1 = z2 = 0 and 82 - = -7. The value of 50 khz for the 
band rejection was chosen to assure sufficient rejection of the 
resonance peak during the high-pass band analysis. Comparison 
of the three curves verifies the picture which has been given 
of the nature of the fluctuations. Rejecting the higher fre- 
quency fluctuations yields an almost sinusoidal curve which shows 
loss of coherence as z increases. On the other hand removal 
of the resonance peak leaves a cross-correlation curve which 
peaks sharply at z = 0 and is essentially zero at other values 
of z. 
The results discussed to this point have been obtained with 
Langmuir probes operating in the ion saturation condition. IT 
other values of probe bias are used, different results may be 
obtained as shown in figure 6. 
spectra f o r  three probe bias conditions - ion saturation, floating, 
and electron-collecting. The electron-collecting condition is 
not electron-saturation which would draw such large currents as 
to damage the probes, but an intermediate condition. In fig- 
ure 6a the data have been normalized to zero db at 100 khz for 
Here are plotted the amplitude 
I * 
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convenience i n  comparing t h e  curves. I n  f i g u r e  6b the  r e l a t i v e  
amplitudes a r e  r e t a i n e d .  
more p o s i t i v e  the  l e v e l  of f l u c t u a t i o n s  i n c r e a s e s  and the  i n c r e a s e  
i s  q u i t e  r a p i d  indeed once t h e  bias vol tage  inc reases  p a s t  t h e  
f l o a t i n g  po in t .  T h i s  i s  i l l u s t r a t e d  by the  d i f f e r e n c e  i n  l e v e l s  
of t h e  curves i n  f i g u r e  6b.  
creased from ion  c o l l e c t i o n  t o  a t y p i c a l  e l e c t r o n  c o l l e c t i o n  con- 
d i t i o n  t h e  magnitude of t he  f l u c t u a t i o n s  a t  t h e  lower end of  t h e  
frequency spectrum inc reases  by more than 10 db ( r e l a t i v e  t o  t h e  
100 khz e q u a l i z a t i o n ) .  
t h e  s lopes  a r e  a l l  n e a r l y  the  same. 
f l o a t i n g  and i o n  s a t u r a t i o n  condi t ion i s  about -2 .1 .  That f o r  
t h e  e l e c t r o n  c o l l e c t i o n  condi t ion i s  about -1 .9 .  Near the  m i d -  
A s  one makes t h e  probe bias vol tage  
A s  t h e  probe bias vol tage  i s  i n -  
A t  t h e  upper end of t h e  frequency spectrum 
T h i s  l i m i t i n g  s lope  f o r  t h e  
range of f requencies  a s  t h e  b i a s  vol tage  i s  increased  f rom ion  
c o l l e c t i o n ,  t h e  peak decreases  i n  magnitude and almost disappears  
a t  f l o a t i n g .  The peak begins t o  reappear a s  t h e  bias i s  f u r t h e r  
increased  t o  t h e  t y p i c a l  e l ec t ron  c o l l e c t i o n  condi t ion.  
The e f f e c t  of t h e  probe b i a s  suggests  t h a t  t h e  h e l i c a l ,  
r o t a t i n g  d is turbance  may be a f l u c t u a t i o n  i n  plasma dens i ty .  
Such a f l u c t u a t i o n  would be expected t o  provide a s i g n a l  a t  both 
i o n  s a t u r a t i o n  and e l e c t r o n  c o l l e c t i o n  condi t ions .  
f l u c t u a t i o n  of i t s e l f  would provide no s i g n a l  a t  f l o a t i n g  condi- 
t i o n s .  
f l u c t u a t i o n s ,  although e f f e c t s  o f  temperature v a r i a t i o n s  could 
a l s o  be  p re sen t .  
1 A dens i ty  
The f l o a t i n g  probe most  probably records  plasma p o t e n t i a l  
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This interpretation is consistent with the results shown 
in figure 7. This shows the cross-correlations and auto- 
correlations for probes floating and at ion saturation. These 
results are for Condition I1 with z = 0 and A8 = -T. The 
auto-correlation results are consistent with the spectra of 
figure 6, again showing the loss of the coherent part of the 
fluctuations at floating conditions. The cross-correlation 
curve for the floating condition has the same general character 
as that of figure 5 f o r  ion saturation with the fluctuations below 
50 khz being rejected. 
fluctuations in the plasma potential, the similarity noticed may 
imply that the turbulent-like portion of the fluctuations at ion 
saturation also result from plasma potential fluctuations. 
If the floating probes are indeed sensing 
CONCLUDING REMARKS 
This study of a particular fluctuating plasma with Langmuir 
probes has shown that the fluctuations can be separated into two 
types. One is a convective, strongly coherent fluctuation which 
rotates in a helical rashion about the axis, and appears to be 
primarily a fluctuation in plasma density. The second type is 
a non-convective, turbulent-like fluctuation, relatively un- 
affected by probe bias, which appears to result from fluctuations 
in plasma potential. 
The existence of these two types of fluctuations, and the 
sensitivity of the results to the bias of the probe may help to 
explain differences in results found by various investigation. 
4 
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The sepa ra t ion  of t he  two types  of f l u c t u a t i o n s  by f re -  
quency f i l t e r i n g  permits  t h e i r  independent examination. 
Although da ta  thus f a r  have been obtained only wi th  Langmuir 
probes,  the  techniques used should be equal ly  app l i cab le  t o  o the r  
sensors .  
use,  f o r  example, o f  emissive probes and magnetic probes.  
Obvious extensions o f  t h i s  approach would inc lude  t h e  
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Figure 2. - Comparison of t h e  amplitude spectra for  Conditions I and 11; probe at ion  
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